Innate immunity is at the frontline of defense against pathogens. Macrophages are a group of phagocytes that secrete cytokines to mediate the transmission of information on pathogen infectiousness to the acquired immune system. Our previous study established an assay for quantifying phagocytic activity in two human monocytic cell lines, U937 and THP-1. Overall, this assay system was quick, easy, and robust, except for the time-consuming quantification step using image analysis. Thus, in this study, we improved our previous assay system. For evaluating phagocytic activity, fluorescently labeled magnetic beads were phagocytosed and detected with a fluorescent-multi well plate reader. This system facilitates high-throughput screening of macrophage activating factors.
Introduction
As the first line of defense against invading pathogens, innate immunity involves phagocytes (e.g., macrophages, dendritic cells, neutrophils) that actively engulf foreign bodies and dead cells. Through cytokine secretion, macrophages play an especially important role in transmitting infectious-pathogen information for initiating and developing the acquired immune system. Moreover, macrophages exert a strong influence on tumor immunity [1] . Such tumor-associated macrophages (TAMs) may be involved in angiogenesis, tumor progression/metastasis, and suppression of antitumor immune response [2] .
Although discovered in 1883 [3] , we still know relatively little about macrophages. Recent studies suggest that macrophages comprise a fairly heterogeneous population, with at least three origins: the embryonic yolk sac, fetal lever, and adult bone marrow [4, 5] . Macrophages are also categorized as either resident in a given tissue or recruited [6] . Furthermore, macrophages can be activated or polarized into pro-inflammatory M1 or anti-inflammatory M2 types [7] . Subsequent molecular analyses resulted in complex classifications that include four (M1, M2a, M2b, and M2c) [8] to seven subtypes [9] . Together, these findings suggest that macrophages are extremely plastic. Indeed, microRNAs (e.g., Let7-c [10] , miR155 [11] ) have been found capable of changing M1 to M2 and vice versa.
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Thus, macrophage activation (or polarization) is critical to understanding the heterogeneity and plasticity in these cells. Typically, researchers have evaluated activation through the expression profile of numerous marker genes, resulting in a complex classification of macrophage subpopulations. These categories allow evaluations of phagocytic activity that provide a clearer picture of macrophage function. Techniques employed for evaluating phagocytic activity usually involve the use of peritoneal macrophage, bone marrow-derived macrophage (BMDM), RAW264.7 (mouse macrophage cell line), or THP-1 (human-monocytic cell line) to target opsonized-sheep red blood cells, zymosans, or latex beads. These systems are complex and require multiple steps, such as fixation, Giemsa staining, and image analysis [12] [13] [14] [15] [16] . The current experimental system can be improved through increasing the use of human cell lines rather than more common mouse models, given considerable differences between mouse and human immune systems [17] . Furthermore, greater attention should be placed on elevating the speed, ease, and robustness of relevant procedures.
Previously, we established an in vitro macrophage experimental system using U937 and THP-1, two human monocytic cell lines [15, 18] . Macrophages were differentiated with the addition of TPA (12-O-tetradecanoylphorbol-13-acetate) and were constantly ready for experimentation. To measure macrophage activity, we used homogeneous magnetic beads as phagocytosis targets, then photographed phagocytosed beads and macrophages for quantification through image analysis. Our novel assay was quicker, easier, and more robust than previous techniques, but image analysis remained a time-consuming step. Thus, in this study, we aimed to further elevate the efficiency and ease of our method so that it can be used as a high-throughput assay for evaluating novel macrophage activating factors (MAFs). Uncovering new MAFs has strong applications for human health, as an improved understanding of macrophage activation mechanisms has therapeutic potential to enhance innate immunity.
Specifically, our improvements here included labeling target magnetic beads with a pH-sensitive fluorescent probe and using a fluorescent multi-well plate reader to quantify phagocytosed beads. We then determined the pH of macrophage phagolysosomes and generated a formula for internalized bead ratio measured with fluorescence (IBRf). These changes greatly contributed to eliminate the need for image analysis and to increase the robustness of our system.
Materials and methods

Cell culture
Mycoplasma-free THP-1 cells were obtained from RIKEN BRC through the National Bio-Resource Project (MEXT, Tokyo, Japan) and contamination was checked before use. Cells were maintained in RPMI-1640 medium supplemented with 10% FBS (Hyclone, Logan, UT, USA), 3% L-glutamine, and 10% sodium hydrogen carbonate. 
Magnetic pH-sensitive beads
Magnetic beads (Dynabeads® Protein G; Invitrogen, Oslo, Norway) were washed twice and resuspended in 0.1 M sodium bicarbonate before being incubated with AcidiFluor ORANGE-NHS (Goryo Chemical, Hokkaido, Japan) for 1 hour at 25°C. After conjugation, beads were washed with 0.1 M sodium bicarbonate.
Reagents
Human recombinant interferon (IFN)-γ, human recombinant interleukin (IL)-4, human recombinant IL-10, and human recombinant transforming growth factor-β1 (TGF-β) were obtained from Wako (Osaka, Japan). Lipopolysaccharides (LPS) from Escherichia coli 0111:B4 and dexamethasone (DEX) were purchased from Sigma-Aldrich. The Saisei Mirai Clinic (Osaka, Japan) provided serum MAFs.
Phagocytosis assay
THP-1 macrophages were placed in fresh media containing either serum MAF for 1 hour or general MAFs (LPS, IFN-γ, LPS+IFN-γ, IL-4, IL-10, TGF-β, DEX, and TGF-β+DEX) for 4 hours. Subsequently, pH-sensitive magnetic beads (3 μg/well) were added and incubation continued for another hour. A fluorescent plate reader measured bead fluorescence intensity at 532 nm for excitation and 568 nm for emission. Phagocytic activity was calculated as the IBRf. The activity of MAFs was calculated as Activation Ratio (AR) = (IBRf with MAF)/(IBRf without MAF). 
Results
Prior to the actual assay, we reevaluated phagocytosis target substances. In general, regularly shaped and uniform artificial materials (e.g., beads) are preferable when quantifying phagocytic activity. However, polystyrene beads resulted in unstable phagocytic activity for nearly an entire hour after bead addition (data not shown). Furthermore, when we compared the sedimentation velocity of polystyrene beads versus magnetic beads (Figure 1 ), we found that 91.1 ± 3.0% of the latter precipitated to the dish bottom within 10 minutes post-addition. In contrast, three hours passed before all polystyrene beads settled. Thus, any initial or rapid phagocytic reactions from macrophages cannot be accurately assessed using polystyrene beads, and we chose magnetic beads as the target.
Magnetic beads were conjugated with a pH-sensitive fluorophore. This procedure facilitates the quantification of phagocytic activity because internalized beads are transferred to acidic (pH ~4) phagolysosomes. After testing several pH-sensitive fluorophores, we chose AcidiFluor TM ORANGE-NHS (Goryo-Kagaku, Sapporo, Japan) because its exhibits a wide pH range (2.2-7.6) that is linearly related to fluorescence intensity (Figure 2 ). This trait is important for quantification. The efficacy of pH-sensitive beads as a phagocytosis indicator was validated using fluorescent images of the beads ( Figure 3A-C) . Internalized beads gradually emitted red fluorescence, while beads surrounding the macrophage were not fluorescent. When beads were conjugated with both pH-sensitive (red) and pH-insensitive (green) fluorophores, we were able to easily visualize phagocytosis ( Figure 3D ).
The internalized bead ratio (IBR) is a new index of phagocytic activity unaffected by bead amount [18] . When using regular magnetic beads, it is calculated as follows: IBR (%) = (amount of internalized beads)/(amount of total beads) × 100. When using pH-sensitive beads, IBR is calculated with the following formula: IBR (%) = (total intensity of fluorescence emitted in macrophage)/(estimated intensity of fluorescence if all beads are inside phagolysosomes) × 100.
The lowest possible phagolysosomal pH must first be determined to estimate fluorescence intensity if all beads were phagocytosed. Thus, we photographed cultured dishes under a fluorescent microscope after incubating macrophages with beads for 1 hour. Bead fluorescence intensity varied based on their position within the macrophage, from early phagosome to phagolysosome. Fluorescence intensity of the brightest beads in each photograph did not vary between control, serum-MAF-treated, or IFN-γ-treated macrophages (Table 1) , and the average of fluorescence ratio was calculated as 0.78. Thus, we assumed that this value could be used for the estimation of the lowest phagolysosomal pH. Next, the medium was changed to an acidic buffer solution (pH 2.2) and photographed again for re-determining fluorescence intensity of the same beads. The fluorescence ratio was calculated as (fluorescence intensity of brightest beads)/(fluorescence intensity of the same beads when pH = 2.2). A calibration curve for the fluorescence ratio was obtained using a pH range of 2.2-6.0 (Figure 2) . Within this range, the data clearly showed linearity between pH and fluorescence intensity (Figure 2) , a relationship confirmed by Asanuma et al. [19] . Our calibration curve indicated that the macrophage phagolysosome had a pH of around 3.5 (Figure 4). Therefore, after measuring the fluorescence of phagocytosed beads, we changed the medium to a pH 3.5 buffer solution and measured total bead fluorescence (including non-engulfed beads). This value was designated as IBRf (IBR measured with fluorescence): IBRf (%) = (phagocytosed bead fluorescence)/(total bead fluorescence at pH = 3.5) × 100.
We then measured IBRf using macrophages at concentrations of 5.0 × 10 3 to 8.0 × 10 4 cells/well in a 96-well plate, with or without serum MAF. Although IBRf increased at high cell density, maximum activation ratio (AR) occurred at 2.0 × 10 4 cells/well (Table 2) . We also incubated different bead concentrations (0.75-6 μg/well) with THP-1 macrophages for 1 hour. Fluorescence intensity rose with increasing bead number ( Figure 5A ), an expected outcome because the amount of beads engulfed by macrophages is directly proportional to the amount of beads added. In contrast, IBRf is constant irrespective of bead amount ( Figure 5B) , as stated earlier. Thus, IBRf should yield a stable outcome even if bead distribution was not uniform. This difference is critical to the robustness of our new assay.
Based on our results, we developed an assay protocol for evaluating macrophage phagocytic activity ( Using this assay, we evaluated the phagocytic activity of common MAFs (Figure 7 ). When interferon-gamma (IFN-γ), IFN-γ+lipopolysaccharide (LPS), and serum MAF were added, IBRf increased significantly compared with the non-activated control. Moreover, serum MAF had a 2.9-fold higher macrophage activation rate than IFN-γ. The results of this evaluation using our novel assay are very consistent with previous findings of increased phagocytic activity in macrophages when exposed to LPS, IFN-γ, and serum MAF [20] .
Discussion
Most previous studies evaluating phagocytic activity used the average number or volume of phagocytosed targets per cell. This index is variously called the "phagocytic index," "phagocytosis index," "beads uptake," or "internalized bead number" [18, [21] [22] [23] , and is calculated as: (total target substance)/(total macrophage number) × 100. However, we previously demonstrated that IBR was a more robust index for phagocytic activity because it allowed quantitative measurements in living cells [18] . Thus, in the current study, we modified the IBR to create IBRf, an index tailored to MAF assays based on the use of fluorescent pH-sensitive beads as targets. Under this new method, we determined that the pH of THP-1 phagolysosomes was exactly 3.5, comparable to reported values [24, 25] and indicating that bead fluorescence can be accurately estimated. The use of magnetic beads was a key advantage to our approach, because their fast sedimentation increased assay speed. Indeed, phagocytic activation was measurable as early as 10 minutes post-addition (data not shown). However, rapid sedimentation meant that magnetic beads were less likely to distribute uniformly on the culture-dish bottom. This lack of uniformity is the main reason why IBR, as a value unaffected by bead number, is a better index for evaluating phagocytic activity in our study ( Figure 5 ).
Another characteristic point of our novel method was the use of pH-sensitive fluorophores, as we were then able to measure engulfed beads rapidly (within a few minutes) and easily with a fluorescent plate reader. We were also able to observe the time course of macrophage activation every 10-20 minutes. Future studies could even further improve the efficiency of our high-throughput assay by using a 384-well plate.
In conclusion, we developed a novel assay system using pH-sensitive beads for quantitative evaluation of macrophage phagocytic activity. This system is particularly valuable for high-throughput screening of MAFs. Discovering new MAFs will greatly elevate our understanding of how innate immunity is activated, thus contributing to the establishment of efficient adjuvant therapy.
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